Abstract It is well known that in the radial-tangential plane of softwoods, the elastic modulus in the principal directions is clearly higher than the off-axis elastic moduli, which decrease to a minimum at a growth ring angle a of about 45°. However, this angular dependency was experimentally proven by only a few early publications. The aims of this study were (1) to analyze this relationship with up-todate equipment in compression tests on miniature softwood specimens with varying growth ring angles and (2) to compare the experimental results with those calculated by a tensor transformation to assess whether it is admissible to treat the investigated wood species as orthotropic materials. Two softwoods with distinctly different anatomic structures (Norway spruce and common yew) were chosen, and further properties such as Poisson's ratios were determined. The results confirm the abovementioned angle-dependent tendency for spruce elasticity, but also show that it is not valid for softwoods in general since the behavior of yew was completely different. The tissue textures of both species, particularly density and density distribution, were discussed as possible reason for these observed differences. The determined Poisson's ratios for principal and off-axis load directions may be useful for modeling of material behavior.
Introduction
Numerous experimental investigations on wood mechanics are focused on determining elastic and strength properties. However, although being an orthotropic material, experiments on longitudinal (L) properties by far outnumber those on other principal directions. This certainly is due to the fact that L is the preferential direction in structural design since strength and stiffness properties are about one order of magnitude higher than transverse to the grain. Moreover, effort and difficulties to prepare and test specimens with alignment parallel to the grain are significantly reduced compared to other directions. Consequently, clearly more references are available from literature for the longitudinal modulus of elasticity (MOE) and strength, but also for the shear strength and moduli in the longitudinalradial (LR) and longitudinal-tangential (LT) planes, than for the parameters perpendicular to the grain or of the radial-tangential (RT) plane. Some of the exceptions are e.g., Hörig (1933) , Krabbe (1960) , Wommelsdorf (1966) , Neuhaus (1981) and Bodig and Jayne (1993) . However, the RT plane is a matter of particular interest since a transverse load is accepted and even intended in certain panel products (e.g., plywood, particle boards).
While the grain angle dependencies were the focus of diverse studies (e.g., Hearmon and Barkas 1941; Suzuki and Sasaki 1990; Kabir et al. 1997; Holmberg 2000; Liu 2002; Reiterer and Stanzl-Tschegg 2001; Yoshihara 2009) , information on the angle-dependent elastic behavior within the RT plane is rather scarce for softwoods [for hardwoods, grain and ring angle-dependent compression tests were carried out by Lang et al. (2002) ]. One reason for this could be that preparation of specimens with orthotropic mechanical properties might be hampered due to the influence of the growth ring curvature. Indeed, the elastic moduli along the principal directions R and T and the Poisson's ratios m RT and m TR are relatively well known for several wood species. However, the lateral contractions or extensions for load directions deviating from the principal directions (to simplify matters, also referred to as ''Poisson's ratios'' in the following) are completely unknown, and only few MOE values have been published for these directions. Their determination, in fact, is complicated. If determined experimentally, a dynamic method is commonly used: the measurement of ultrasound velocities (see for example Bucur and Archer (1984) ) allows estimating MOE. Typically cubic or other polygonal specimens have to be prepared such that the ultrasound propagation direction is in accordance with the respective direction between the R and T axes. Preparing specimens for static tests following the same principle (where specimens are shaped such that uniaxial tests can be performed along the R and T axes and along directions between them) are possible but are scarce in literature. Some of the few exceptions are Jenkin (1920) , Hearmon (1948) or Kennedy (1968) .
Another possibility is a theoretical approach using tensor transformations according to Bodig and Jayne (1993;  on the basis of Hörig (1933) and Voigt (1928) ). To use this approach for all imaginable load directions, a complete set of 12 engineering elastic parameters (three Young's moduli E, six Poisson's ratios m, three shear moduli G) is required to fill the compliance matrix. These can be determined statically or as a combination of static and dynamic values. The elastic properties for material directions deviating from the principal directions can then be calculated. According to Bodig and Jayne (1993) , such tensor transformations usually lead to results in the principal planes that are in satisfactory accordance with the ''true'' values.
In a previous study (Keunecke et al. 2008) , this approach was used to estimate the off-axis compliance of two gymnosperm species (Norway spruce and common yew). For the three principal planes, the results were visualized in polar diagrams (Fig. 1) . In the LR and LT planes, they only showed a slight divergence between both species. The general course of the curves was similar but at a different scale. In the RT plane, however, the curves completely differed. Here, the deformation of spruce was highly anisotropic: Even small deviations from the principal axes caused a considerable increase in compliance. The maximum value was reached at an angle a of about 40°-50°as a result of a small shear modulus G RT . These findings agree with the relationship for the growth ring angle (GRA) of spruce that is often described in literature (e.g., Hörig 1933; Grimsel 1999) : within the RT plane, the MOE of spruce is smallest at an angle a of about 45°between both axes, resulting in the largest compliance in this direction. Yew behaved completely different: the deformation was largest on the T and R axes and slightly decreased to a minimum near a = 45°. The lower directional dependence in the case of yew was ascribed to the small density variations between earlywood (EW) and latewood (LW) compared to spruce (cf. Keunecke et al. 2009 ): the LW densities of both species are similar, while the EW density is roughly twice as high in yew compared to spruce, resulting in a clearly less heterogeneous tissue composition in the RT plane, where EW bands are not that pronounced planes of weakness as in spruce. Fig. 1 Load-directional dependence of spruce and yew compliance illustrated in three polar diagrams (Keunecke et al. 2008) Wood Sci Technol (2010) 44:451-464 453 The drawback of a previous approach, however, was that dynamic and static methods were combined: dynamic methods to determine the shear moduli, and static tests to determine MOEs and Poisson's ratios. The present study continues on the previous one; with all mentioned aspects considered, the main goals of this study were thus
• to experimentally determine MOE values in R and T direction, and for several off-axis angles between R and T (with L always being perpendicular to the load direction), for Norway spruce and common yew in a static test with contemporary testing equipment. To choose yew wood in addition to spruce can provide interesting information about structure-property relationships as the microstructural properties of both species clearly differ (the air-dry density of yew is typically between 35 and 50% higher). This way, the findings of the previous study could be validated.
• to also determine Poisson's ratios for the same load axes as mentioned earlier for these species. So far, such data are also not available from literature.
• to evaluate the suitability of a mechanical approach to predict off-axis elastic moduli and Poisson's ratios in the RT plane.
Materials and methods
Miniature specimens from spruce (Picea abies [L.] Karst.) and yew (Taxus baccata L.) wood were produced and tested with a microcompression stage. The compression test was chosen to avoid the problematic influence of end constraints that typically accompany tensile tests. For strain measurement, digital image correlation (DIC) and the linear variable differential transformer (LVDT) of the compression stage were used.
Specimens
The raw material for specimen preparation was cut from five stems per species (at breast height) grown at stands close to Zurich, Switzerland. The spruce diameters in breast height were between 40 and 50 cm, the yew diameters between 25 and 30 cm. The boards for specimen preparation were gradually dried from the wet state to a wood moisture content of about 12%. The samples were taken from the outer heartwood region where the anatomic structure is approximately orthotropic. This was the case for the spruce growth ring numbers 70-100 and the yew growth ring numbers 110-130. Samples containing compression wood, knots and other defects were omitted. The growth ring widths of the samples of both species were roughly equal. For each species, 13 slats with a cross section of 30 mm 9 30 mm were planed. Then seven adjacent disks (each 4 mm thick) were cut out of each slat. Finally, specimens with cross-sectional dimensions of 10 mm 9 10 mm (in the radialtangential plane) and a thickness of 4 mm in the longitudinal direction were cut out of the disks, with the orientation of the GRA a in the RT plane being rotated in 15°4 steps from specimen to specimen (a = {0°, 15°, 30°, 45°, 60°, 75°, 90°}). In the following, a = ''0°'' is used synonymously to the radial and a = ''90°'' to the tangential direction. This means that a total of 182 specimens were tested. The preparation steps and load directions are illustrated in Fig. 2 .
The density of the specimens varied from 0.38 to 0.53 g/cm 3 for spruce and from 0.51 to 0.82 g/cm 3 for yew wood. Since the Poisson's ratios had to be determined with DIC, a high-contrast speckle pattern was sprayed on one of the 10 mm 9 10 mm surfaces using an airbrush gun and finely pigmented acrylic paint. For further details, see Keunecke et al. (2008) . Such patterns were necessary for the measurement of displacements on the specimen's surface during compression testing by means of DIC. The specimens were then stored in a climatic chamber at 20°C and 65% relative humidity.
Compression experiments
After the specimens reached equilibrium moisture content (spruce: 12%; yew: 11-12%), the compression tests were carried out using a micro stage (Deben, UK) with a load cell maximum capacity of 300 N. Within the scope of this study, only the linear-elastic range between the end of the upward curvilinear tendency at the beginning of the stress-strain curves and about 30 to 40% of the first macro failure event was analyzed. At low stress levels, Hookean behavior can be assumed for wood. Therefore, the specimens were not loaded until failure, but the loading rate was chosen such that the first macrofailure of the specimens would have been reached within 90 ± 30 s. This was determined in preliminary tests and applied to different loading rates: for a = {0°, 15°, 75°, 90°} orientations of spruce wood and for all orientations of yew wood, a rate of 0.2 mm min -1 was chosen, and for the Fig. 2 Specimen preparation and orientation. a First, slats with a cross section of 30 mm 9 30 mm were planed, then seven disks (each 4 mm thick) were cut, and finally specimens with dimensions of 10 mm 9 10 mm (in the radial-tangential plane) were cut out of the disks, where the orientation in the RT-plane was rotated in 15°steps from specimen to specimen. b Growth ring orientation in the specimens and load direction. 0°corresponds to the radial load direction, 90°to the tangential one Wood Sci Technol (2010) 44:451-464 455 remaining orientations of spruce wood a rate of 0.5 mm min -1 . To reduce the frictional restraint at the loading platens of the testing machine, Teflon sheets were placed between the specimen and the platens. Otherwise, the specimen developed a bulged shape because the specimen ends were forced to have the same lateral deformation as the rigid metal platens (cf. van Mier 1997), thus causing artifacts when Poisson's ratios are determined.
Strain was measured in two ways: by means of LVDT of the testing stage and by VIC 2D (Correlated Solutions), a video image correlation system. In contrast to other locally measuring strain gauges, the VIC method allows full-field surface tracking of the in-plane sample deformations and computing 2-dimensional strain distribution based on gray value cross-correlations of the speckle pattern recorded via a CCD camera. Thus, during the compression tests, the specimen surface (10 mm 9 10 mm) was filmed with a resolution of about 950 9 950 pixels at a capture frequency of 4 Hz. After computing the 2-dimensional strain, the average strain in the load direction and transverse to it was calculated.
Preliminary tests showed a very good correlation between both methods. For simplicity reasons, MOE was calculated using the LVDT values while Poisson's ratios were calculated based on VIC 2D measurements.
Calculation of Young's moduli and Poisson's ratios
The MOE (E) is the ratio of stress (r) to corresponding strain (e) when the material behaves elastically (Eq. 1). It is determined from the slope of the initial straight segment of the stress-strain diagram:
The phenomenon of lateral extension of a specimen occurring as it is being compressed is called Poisson's effect. The ratio of passive (=lateral extension) to active (=compression) strain is defined as Poisson's ratio m km (Eq. 2):
where k refers to the direction of lateral extension, and m to load-directional compression.
Theoretical aspects of tensor transformation to predict Young's moduli and Poisson's ratios
Considering the tensor theory and orthotropic symmetries, it is possible to describe the elastic material behavior completely. With the knowledge of the material parameters in the principal planes, the elastic characteristics in every arbitrary direction can be predicted by a tensor transformation (Voigt 1928; Hörig 1933 with i, j = L, R or L, T or R, T, and a is the grain angle or GRA. To calculate the angle-dependent moduli E kðaÞ ij , at least three parameters are needed. Since the shear moduli were not determined in this study, another approach was used to predict the elastic moduli between the principal axes. Introducing the component s iijj as
the unknown shear moduli can be substituted by the a = 45°Young's modulus (Szalai 1994 
. Table 1 gives an overview of the MOE values and Poisson's ratios determined in the compression experiments. Compared to literature references (e.g., Bodig and Jayne 1993; Sell 1997; Wagenführ 2000) , the MOE values here are quite low for both tested species. Since the load cell and LVDT of the micro stage were fully functional and worked precisely, this observed behavior must be inherent to the material. In the particular case, here, the size effect must have had an impact on the mechanical behavior and maybe also the length-to-width ratio of the specimens. However, as the basic conditions were the same for all specimens during testing, the results nevertheless allow for a comparison between both species.
Results and discussion

MOE
The maxima of both species occur in the radial direction; this is a well-known relationship and is probably due to several reasons:
• The sandwich-like composition of EW and LW cells leads to the expectation of higher tangential moduli, since the weakness in this direction of the EW layer is not that pronounced, but due to their reinforcing effect, wood rays overcompensate this weakness (cf. Burgert (2000) and others).
• Further causes can be sought in the strict structural alignment of tracheids in the radial direction and the transverse anisotropy at the cell wall level.
While 50% higher values are often reported for the radial compared to the tangential direction (e.g., Niemz 1993; Sell 1997; Forest Products Laboratory 2000) , in this present study the spruce values were 9% higher in the radial direction and the yew values 14% (probably due to the higher ray percentage of yew compared to spruce). These findings were confirmed by DIC strain measurement. The basis of the obvious differences to the literature references is open to speculation. It is conceivable that these findings result from the sample geometry: while MOE values are in most cases determined on bar-shaped specimens, the geometry of the samples of this study resembles more a panel. But also the size effect might play an important role: values stated in literature are based on larger specimens than the ones of this study, and the probability of a slight growth ring curvature in the tangential direction is higher in larger specimens than in smaller ones. Consequently, this can lead to underestimated tangential MOE values in larger specimens, since even a small deviation from the straight tangential alignment of growth rings can clearly affect the elastic behavior as shown in Fig. 1 . The statistical spread of the values is visualized in Figs. 2 and 3. x = arithmetic mean; CoV = coefficient of variation. a = 0°corresponds to the radial and a = 90°to tangential load direction Spruce showed strong anisotropy with a maximum mean at a = 0°( E ð0Þ = 211 MPa) and a strong decrease to E ð45Þ = 95 MPa. The yew mean values were higher (between E ð60Þ = 204 and E ð0Þ = 237 MPa); in view of the 35-40%
higher density of the yew samples, even higher yew values are possible. The range between minima and maxima was clearly smaller compared to spruce, indicating the lower degree of transverse anisotropy. This is due to the more regular tissue composition of yew: on the one hand, its cell cross sections often appear rather circular or elliptical than rectangular. On the other hand in the radial direction, where wood can be considered as a sandwich construction with alternating layers, the density differences between EW and LW are clearly smaller than in spruce. This was exemplary shown in a previous study (Keunecke et al. 2009 ) on two random samples of both species: similar LW density maxima were measured for spruce and yew; the EW minima of yew, however, were about two-fold higher compared to spruce. Thus, the EW zones of spruce are more pronounced planes of weakness than the relatively compact EW zones of yew. This was confirmed by the DIC evaluation revealing clearly larger differences between load-directional strain of EW and LW in spruce than in yew: Figure 3 shows a clear separation between EW and LW zones of spruce. However, this separation is not visible for the tangential load direction (a = 90°). For yew, this separation was less clear and (if at all) only possible for the off-axis load directions (a = {15°, 30°, 45°, 60°, 75°}).
Furthermore, yew is characterized by a high ray percentage [about 14%, compared to 4-6% in spruce (Wagenführ 2000) ]. And as G RT is strongly influenced by density and by the presence and arrangement of wood rays, the ratios G RT /E R and G RT /E T are smaller for spruce (cf. Keunecke et al. 2008) . This is reflected in the offaxis MOE values in the transverse planes, since shear stresses are additionally generated in orthotropic materials when the load axes deviate from the three principal axes. Thus, the shear coupling effect, particularly in spruce, increases from the principal material axes toward a = 45°accompanied by decreasing stiffness (cf. Shipsha and Berglund (2007) regarding the shear coupling effect).
While the influence of density and density distribution on the transverse elastic behavior is plausible, the microfibril angle of the S2 layer influences longitudinal but not transverse elasticity. This was illustrated for the fiber wall by Bergander and Salmén (2000) . Altogether, the present values confirm the tendency which the previous study (Keunecke et al. 2008) revealed, namely elastic anisotropy with significant differences for both species.
Experimental versus theoretical off-axis MOE
The relationship between mean values from experiments and data calculated according to Eq. 5 is shown in Fig. 4 and compared with results of a previous study by the authors. They are displayed more commonly using compliance parameters. It has to be considered that the calculated data are based on the experimental parameters E R , E Lð45Þ RT and E T . Thus, only the deviations for the remaining angles can be considered to assess whether the agreement between both groups is good. In this Wood Sci Technol (2010) 44:451-464 459 study, the congruence is indeed high. The good correlation between experimental and theoretical results indicates that both species can be fairly considered as orthotropic materials. Fig. 3 Load-directional strain in spruce and yew samples dependant on the respective growth ring angle a (determined with DIC). The specimens were loaded in the horizontal direction, and this is also the visualized strain direction. The images show the strain situation at the end of the linear-elastic range, immediately before plastic deformation started
The general characteristics of the curves regarding the differences between both species correspond to the results of the previous study. The curves of the previous study, however, are slightly displaced to the tangential direction.
Poisson's ratios The Poisson's ratios for spruce in the principal axes (mean value at a = 0°= m ð0Þ = 0.59; m ð90Þ = 0.31) are in good agreement with values published by other authors (Hörig 1933; Wommelsdorff 1966; Neuhaus 1981) and with own measurements (Keunecke et al. 2008) . The spruce maxima were m ð30Þ = 0.89 and m ð45Þ = 0.91, with a decreasing tendency toward the R and T axes and the minimum for m ð90Þ = 0.31. The range for the yew mean values was relatively small for a = {0°, 15°, 30°, 45°} (from 0.77 to 0.83). From a = 60°to 90°, the values decreased (to m ð90Þ = 0.48). Apparently the differences between spruce and yew were a little less pronounced than for the elastic moduli (Fig. 5) . Fig. 4 Comparison between experimentally and theoretically determined compliances s of a spruce and b yew wood depending on the growth ring angle. The compliances are normalized with s(a)/s(0) = 1 for a growth ring angle a = 0°corresponding to the radial load direction. predicted #1 corresponds to Eq. 5, and predicted #2 (cf. Fig. 1) represents the results of a previous study (Keunecke et al. 2008 ) Fig. 5 Comparison between experimentally and theoretically determined Poisson's ratios m kðaÞ ij of spruce and yew wood, illustrated as a polar diagram. A growth ring angle a = 0°corresponds to the radial, a = 90°to the tangential load direction. i refers to the load direction, and j to the direction of lateral extension. The predicted curve was calculated according to Eq. 7 Experimental versus theoretical Poisson's ratios In principle, the compliance matrix should be symmetric in orthotropic materials, i.e.,
However, this was not the case in this study. Similar deviations were described by Bodig and Jayne (1983) and Neuhaus (1983) . Several reasons are possible for this:
• Wood is considered to show linear elastic orthotropic material behavior. But as a natural material, this of course can only be an approximation, since the microscopic structure of softwoods can be rather irregular.
• The employed method allows for only an approximation of the ''true'' Poisson's ratios, since only the upper specimen surface was analyzed.
The experimental values m ð15Þ , m ð30Þ , m ð45Þ and m ð60Þ for spruce were significantly higher than the predicted values (Fig. 5) . m ð75Þ agrees with the prediction, and m ð90Þ is the only value that is below the predicted one. In the case of yew, the Poisson ratios m ð15Þ , m ð30Þ , m ð45Þ and m ð60Þ are close to the prediction, while m ð75Þ and m ð90Þ are clearly lower. Here, the applicability of the predictive approach seems clearly limited. This is possibly due to the fact that the mechanical model is better suited for the macroscopic than for the mesoscopic behavior of softwoods.
Conclusion
The transverse compression test experimentally confirmed the principle tendencies for the off-axis MOE values of spruce in the RT plane estimated in some older publications on the basis of tensor transformations. In addition, it was demonstrated that this is not a general behavior of softwoods; yew wood showed a different behavior with a lower degree of anisotropy. The good agreement of the experimental results and the compliance values estimated in the previous study on the basis of tensor transformation shows that spruce and yew wood can be treated as orthotropic materials. Their elastic properties have to be explained in terms of differences in the wood texture between both species (structure-function relationships). In this regard, modeling approaches might provide a possibility to clarify the question how density and density distribution influence the elastic behavior in the RT plane, and whether they even can be the crucial factors. For an approximate MOE assessment for load directions deviating from the principal axes and the a = 45°direction, the chosen mechanical approach seems well suited, but less for the Poisson's ratios. The determined Poisson's ratios, particularly for the off-axis load directions, may be important elastic parameters for the modeling of material behavior, especially as the latter were not yet available for the transverse plane.
